Abstract. It is difficult to calculate the offset angle of the built-in magnetic pole in the high-speed servo motor. This paper presents a cogging torque equivalent model (CTEM) of the interior permanent magnet servo motor (IPMSM). Taking the 4-pole and 24-slot IPMSM as an example, the equivalent model implementation steps from the IPMSM to the CTEM has been introduced firstly, then the optimization method of the interior pole-shifting angle and the finite element analysis are executed to verify the equivalent model. The results show that the cogging torque of the IPMSM can be reduced by 90.1% according to the optimized equivalent angle of the CTEM, which verifies the rationality and validity of the CTEM.
Introduction
In recent years, most high-speed permanent magnet synchronous servo motors for spindle drive are still used in the form of surface-mount (or plug-in) rotor structure, which requires carbon fiber protection sleeve to fix the magnet [1] [2] [3] . With the further improvement of the motor speed, the built-in permanent magnet structure is an effective method to solve the mechanical safety issues of the rotor. However, the built-in rotor structure has a negative influence on cogging torque of the high-speed permanent magnet synchronous servo motors. To solve the above problem, the rotor magnetic pole-shifting method can be used to suppress the cogging torque.
Analytical method has been used by scholars to study the effect of magnetic pole-shifting on the cogging torque of the surface-mount rotor structure. In [4] [5] [6] , a method of determining the pole-shifting angle in the surface-mount rotor structure under the premise that the position of each pole is changed after the magnetic pole is shifted, but the amplitude is constant. The analytic expressions of cogging torque are solved by energy method firstly, and then the pole-shifting angle of each magnetic steel has been obtained are introduced in [7] . In the literature [8] , five sets of the pole-shifting angles are solved by analytic theory, and the set of angles with the best cogging torque is obtained by FEA under the cooperation of two different pole slot fit. Maxwell 2D is used to scan the magnetic pole offset angle and the rotor eccentricity to obtain the best pole-shifting angle. This method is difficult to obtain magnetic pole deviation because of its heavy workload [9] . The air gap flux density of the built-in permanent magnet motor is solved on the basis of the equivalent magnetic network method, and then equivalent to the surface mounted structure. On this basis, the equivalent single-slot model of the motor is established, and the harmonic components of the cogging torque are obtained. Then, the total cogging torque of the motor is synthesized according to the phase relationship of the pole space, but does not involve the magnetic pole-shifting angle to weaken the cogging torque problem in [10] .
The results show that the cogging torque of the IPMSM can be reduced by 90.1% according to the equivalent angle of the CTEM equivalent model, and the effect is very obvious, which indicates the rationality and validity of the CTEM.
In this paper, a 4 poles and 24 stator slots IPMSM is taken as an example has been introduced to reduce the cogging torque with pole-shifting angle calculation method. A CTEM of IPMSM with magnetic pole-shifting is proposed, the calculation steps of the CTEM and the calculation method of the optimal magnetic pole-shifting angle are introduced and the FEA is carried out to verify the validity of the equivalent model. The results show that the cogging torque of the IPMSM can be reduced by 90.1% according to the optimized angle of the CTEM.
Equivalent Model
The main parameters of the IPMSM are shown in Table 1 . In order to reduce the iron loss and temperature rise of the motor at high speed condition, the stator core is made of amorphous material and by forced air cooling. For the IPMSM, it is difficult to establish the cogging torque analysis model directly. Therefore, we need to establish the equivalent model from the IPMSM to the CTEM. The equivalent principle is that the IPMSM and the CTEM are basically the same as the cogging torque and the no-load air gap magnetic flux, including amplitude and period. The equivalent model from the IPMSM to the CTEM is built with the following steps:
1. No-load air gap flux density and cogging torque waveform of the internal servo motor are calculated by the FEA method.
2. The CTEM is built, and the arc coefficient of the surface-mount magnet rotor is kept same as the interior magnet rotor which in the IPMSM model. It can be seen from the Fig.4 that the outer diameter of the rotor has a great influence on the cogging torque. The magnitude of the cogging torque becomes larger with increasing outer diameter of the rotor (That is to say, the air gap length decreases). It is found that the thickness of magnetic steel has little influence on cogging torque from the FEA result. The main design parameters of the two motor models are shown in Table 2 . 
Pole-shifting Angle Calculation
For the CTEM, the general expression of the cogging torque can be defined as:
Where z is the number of the slots, L a is the axial length of armature, μ 0 is the vacuum permeability, R 1 is the inner radius of armature, R 2 is the outer radius of stator yoke, n is the harmonic frequency, α is the pole arc coefficient, B ranz , B rbnz and G n are the Fourier coefficients and can be expressed as the Eq.2, Eq.3 and Eq.4, respectively. 
Where θ k is the pole-shifting angle of the k th permanent magnets, B r is the residual flux density of permanent magnets. 
Where k 0 , k 1 , k 2 and k 3 can be expressed as the Eq.5, Eq.6, Eq.7 and Eq.8 respectively. α 1 and α 0 are the slot pitch and slot opening width (expressed in radians). 
m is the length of permanent magnet in magnetization direction, g is the effective air gap length. b 0 is the width of the slot opening.
It can be seen from the Eq.1 that the main affect factors about the motor cogging torque are the B ranz and B rbnz . The lower harmonics have a great influence on the cogging torque. Therefore, by choosing the appropriate pole-shifting angle to weaken the low order harmonics, the formulas (2) and (3) can be reach to the zero, that is, the purpose of weakening the cogging torque is achieved.
Integrated Eq. 2 and Eq. 3, we can get Eq. 9. Figure 6 , where the quadrature dotted line is the center line of the magnetic pole when the magnetic pole is symmetrically distributed. Taking into account the rationality of the magnetic pole-shift angle, the five sets of pole-shift angles are shown in Table 3 . Not all analytical calculations can reduce the cogging torque effectively. An integer slot motor with unit period will not introduce harmonic problem in comparison with the symmetric structure.
However, there is a problem that will change the phase of the cogging torque [8] .
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In the literature [5] , [12] and [13] , the formula for calculating the rotor magnetic pole-shift angle with the pole-shift angle that the cycle number N p equal to 1 is defined as:
Where N p can be expressed as:
Where N c is the greatest common factor between the stator slots and motor poles. The number of cogging torque cycles for the 4 poles 24 slots motor is N P =1 and is an integer slot motor. The angle of the first magnetic pole-shifting is 0°, the offset angle of the second magnetic pole is 3.75°, the offset angle of the third magnet is 7.5°, and the offset angle of the fourth magnet is 11.25°. The result obtained by the Eq. 10 is the same as the fourth set of pole-shifting angles in the analytical result obtained by the Eq. 1, and it is shown that the Eq. 1 is the same as no matter whether N P =1 or no matter whether it is an integer slot, the analytical calculation has a strong applicability.
FEA Verification
The fourth set of the IPMSM magnetic pole-shifting angles are shown in Fig.6 . Five sets of pole-shifting angles have been used to establish the CTEM and the IPMSM cogging torque FEA comparison. Wherein the first set of pole-shifting angle's cogging torque waveform is very close to that of the third set (The second and fifth sets are also close). Therefore, only second, third, fourth set of the pole-shifting angle is used to simulate the cogging torque of servo motor, and the simulation results are shown in figure 7 . Figure 7 (a) is the three set CTEM's cogging torque waveform. It is clear that the peak-to-peak value of the cogging torque in the fourth set is the least. Therefore, the analytic solution has the optimal solution. Figure 7 (b) is the three set IPMSM's cogging torque waveform. The peak-to-peak value of the cogging torque in the fourth set remains the minimum. While the cycle number and the phase difference of the cogging torque waveform are the same as that of the CTEM and the IPMSM. This also indicates the cogging torque waveform rationality of the CTEM.
Comparing Figure 7 (a) (b), it can be clearly seen that the amplitude of the cogging torque in the IPMSM is slightly larger than that of the CTEM. This situation is due to the symmetry of the IPMSM rotor structure, the q axis magnetic circuit is wider, resulting in relatively small magnetoresistance, thereby reducing the cogging torque. But after the magnetic pole is shifted, the q axis magnetic circuit becomes narrower, magnetic resistance becomes larger, resulting in cogging torque becomes larger. It can be seen that the magnetic pole-shifting angle calculated by the equivalent model of the CTEM can be applied with the IPMSM. In addition, the fourth sets of solutions calculated by the equivalent model of servo motor is the same as that calculated by the Eq. (10). They are the optimum magnetic pole-shifting angles that minimize the peak-to-peak value of the cogging torque. The proposed pole-shifting angles can make the CTEM's cogging torque reduced by 93.8%, IPMSM's cogging torque reduced by 90.1%. The effect is obvious.
It can be seen that the magnetic pole offset angle calculated by the CTEM can be applied with the IPMSM and the fourth group solution obtained by the CTEM is calculated by Eq. (10), Which is the optimal magnetic pole offset angle that minimizes the peak-to-peak value of the cogging torque, which reduces the cogging torque of the CTEM by 93.8%, the IPMSM cogging torque is reduced by 90.1%, the effect is very obvious.
Summary
This paper presents a CTEM for the IPMSM. The magnetic pole-shifting angle of the IPMSM can be calculated by the CTEM. Taking the 4 poles and 24 slots IPMSM as an example, the calculation procedure of the CTEM and the calculation method of the optimal magnetic pole-shifting angle are introduced. The FEA results show the rationality and validity of the CTEM for the IPMSM.
